Z-fiducial phantoms allow 3D ultrasound probe calibration with a single B-scan. One of the main difficulties in using this phantom is the need for reliable segmentation of the wires in the ultrasound images, which necessitates manual intervention. In this paper, we have shown how we can solve this problem by mounting a thin rubber membrane on top of the phantom. The membrane is segmented automatically and the wires can be easily located as they are at known positions relative to the membrane. This enables us to segment the wires automatically at the full PAL frame rate of 25Hz, to produce calibrations in real-time, while achieving accuracies similar to those reported in the literature. It takes approximately two minutes to set up the experiment-submerge the phantom in the water bath and locate the phantom in space with a pointer. After this, spatial calibration can be performed in real-time at 25 calibrations per second.
INTRODUCTION
Freehand three-dimensional (3D) ultrasound is a medical imaging modality with many applications in surgical navigation, radiotherapy planning and complex anatomy visualization and analysis.
1 As the ultrasound probe is swept over the anatomy, the attached position sensor records the trajectory of the probe. The 3D volume can be constructed by matching the ultrasonic data with its corresponding position in space.
The position sensor that is attached to the ultrasound probe will measure the 3D location of the sensor, rather than the scan plane, relative to an external world coordinate system as shown in Figure 1 . It is therefore necessary to find the position and orientation of the scan plane with respect to the electrical centre of the position sensor. This rigid-body transformation is determined through a process called probe (spatial) calibration. Performing spatial calibration by scanning an object with known geometric properties (a phantom) has been a research topic for many years. One class of phantoms used for spatial calibration is the two-dimensional (2D) alignment phantoms. These phantoms have the advantage that only one frame is needed for spatial calibration, hence they have the potential for very rapid calibration. Sato et al . 3 aligned the scan plane with a thin board. Three corners of the board are located in space using a 3D localizer (a pointer), and then mapped to the sensor's coordinate system by using the inverse of the position sensor's readings. The corners are all manually segmented in each B-scan. Thus the three corners are located in both the B-scan and the sensor's coordinate systems, and the corresponding transformation can be found using various algorithms. 4 There are several drawbacks of using the 2D alignment in this design. First of all, segmentation of isolated points in ultrasonic images usually requires human intervention, 3, 5-8 since automatic segmentation algorithms are usually unreliable. This makes calibration a time consuming process. Secondly, the finite thickness of the ultrasound beam causes parts of the phantom to appear in the B-scan even if the phantom is not in the elevational centre of the scan plane. This makes perfect alignment of the ultrasound plane with the phantom very difficult. Since perfect alignment of the scan plane with the 2D plane board is crucial, this leads to longer calibrations and inaccuracies.
Gee et al .
9 designed a mechanical device where the planar phantom is aligned with the scan plane by adjusting micrometers. The alignment is aided by mounting three wedges onto the planar phantom so that any misalignment could be easily detected in the ultrasonic images. These wedges also served as the fiducial points to be located in space, which are semi-automatically segmented in the B-scans. A gantry is designed for fitting the position sensor, so that the probe can be precisely mounted relative to the position sensor and the planar phantom. This phantom has been shown to be the highest definition system in the current literature.
The alignment problem is solved by using the Z-fiducial phantom. 10 There is a set of wires strung on the phantom in a deterministic 'Z' shaped configuration. The intersection of the wires with the scan plane forms a virtual 2D phantom that can be used to define the position of the scan plane in space. The phantom itself is defined in space either by using a pointer 11 or using another position sensor. 4, 12, 13 However, segmentation of isolated points remains difficult. Each wire does not appear as a single dot or disc in the B-scans, but rather as a smeared ellipse. Nevertheless, semi-automatic segmentation with a predefined search region is possible. 12 Chen et al . 13 reduced the number of fiducials from the average 15 to just 2, and automatically segmented their fiducials by searching for two sets of three collinear dots that are parallel to each other.
Other phantoms that are popular among the different research groups include a cross-wire, 21 and a gelatine block.
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In this paper, we have designed a novel phantom based on the Z-phantom. 11, 12 Our innovation was inspired by Langø, 17 who used a thin membrane in his calibrations. We have noticed that the membrane does not just produce a strong reflection, but the ultrasound waves are barely distorted by the membrane. As a result, the structures beneath the membrane appear clearly in the B-scans. In this paper, we show how it is possible to use the membrane as a landmark to enable fully automatic segmentation in a Z-phantom, thus producing calibrations in real-time.
METHOD

The Calibration Phantom
Figure 2 (a) shows the calibration phantom. It consists of two parallel polyacetal blocks 5cm apart. We have drilled a number of holes with 0.5mm diameter in these blocks in a predefined configuration. These holes serve as the locations for the 'Z' shaped fiducials, which are placed in 5 rows with 4 fiducials in each row, except the first row which has 3 fiducials, as shown in Figure 2 
(b). A 1mm thick translucent 40
• Shore A silicone rubber membrane is clamped under tension on top of the phantom. There are 3 cone-shaped divots in the two blocks to fit a 3mm ball-pointed 3D localizer. These divots serve as the principal axes of the phantom and are used to determine the phantom position in 3D space. All dimensions are precision manufactured by our workshop with a tolerance of ±0.1mm. We then interwove an ordinary off-the-shelf fishing line with a diameter just under 0.5mm through the holes in the two blocks to form the 'Z' shaped fiducials.
In order to perform calibrations in real-time, we need to minimize the computation required during (1) segmentation and (2) solving for the calibration parameters.
The time needed for segmentation is reduced by placing a thin membrane on top of the phantom. This membrane appears as a straight line in the B-scans, and can be segmented automatically. 16 The positions of the wires are at known depths beneath the membrane by construction. If the image scales are known, the search region for the wires can be limited to five narrow strips, one at each depth, as shown in fiducials are mounted parallel to the rubber membrane, the algorithm remains robust even if the probe is at an inclination to the phantom. We have used a fairly simple algorithm to segment the smeared blobs. Since the smeared image of the wire appears to be approximately 1-3mm in diameter, the average intensities of each 1mm × 1mm block in the search region is computed. A user defined threshold is placed on the average intensities. This divides the search region into a number of connected regions. Potentially, each region represents a smeared image of the wire. The maximum average intensity of each connected region is located. The centroid of a small rectangular region (approximately 0.5mm × 0.25mm) centred at this location is computed and stored as a potential wire location. Since we have limited the search region to a narrow strip, our simple segmentation algorithm is robust over a wide range of thresholds, with only a few falsely detected potential wire locations. These falsely detected wires are easily rejected by fitting the potential wire locations to the construction geometry of the wire configuration. In general, spatial calibration involves finding the horizontal and vertical scales in the B-scan images and the 6 parameters that define the phantom in space in addition to the 6 parameters that define the B-scan relative to the sensor's position. The values of the first 8 variables can be found using a separate protocol prior to phantom scanning. We first compute the scale values using the distance measurement tool provided by the ultrasound machine. 23 A calibrated pointer is then used to locate the phantom in space using its divots. This leaves only the 6 parameters that define the rigid body transformation from the scan plane to the position sensor to be found by calibration.
In our phantom design, the wires are interwoven through the holes H 1 , H 2 , H 3 , H 4 , H 5 and H 6 in a 'Z' shape, as shown in Figure 4 . These holes are precision manufactured relative to the divots and are therefore known in space. The 3D positions of A, B, C and D can be calculated using trivial coordinate geometry. When the probe is placed over the wire configuration, the scan plane intersects the wires at M, Z and N . These points can be located on the B-scan image. Since the image scales have been determined, the distances |MZ| and |MN| can be For each 'Z' shaped wire configuration, the Z-fiducial (labelled Z in Figure 4 ) is located in space using the aforementioned equation. This can be transferred to the sensor's coordinate system using the inverse of the position sensor's readings. We now post-process the previously segmented fiducial on the B-scan images to allow for the sound speed distortions caused by the rubber membrane 24 and the medium in which the phantom was submerged by shifting the fiducials vertically upwards by the appropriate factors. 23 Since we have previously segmented each Z-fiducial in the B-scans, we have located the fiducial in both the B-scan and the sensor's coordinate systems. Assuming we have located at least 3 non-collinear fiducials, we can compute the corresponding calibration that best fits the two data sets. 
The Calibration Protocol
The main advantage in the introduction of a membrane is to allow fully automatic segmentation and to output calibrations in real-time. Segmentation is highly dependent on the image quality of the B-scans. Hence, we have chosen to calibrate our two generation old Toshiba * model SSA-270A/HG 3.75MHz curvilinear probe at a depth of 8cm and 15cm. The probe has served many years in a clinical environment, followed by much abuse in our laboratory, has some dead crystals and produces poor images. One focus was used at the middle of the image in order to produce B-scans as fast as possible at 18 Hz. The B-scan images were digitized using a Brooktree B-scan images was cropped for calibration. The probe was tracked using an AdapTrax ‡ infrared LED target for the Polaris § optical tracking system.
The calibration was performed by submerging the phantom in water at approximately 48 Celsius to match the speed of sound in water and soft tissue. The scales in the B-scan images were computed using the distance measurement tool available on the ultrasound machine. 23 The phantom was located in space by its divots using a pre-calibrated pointer. The probe is held perpendicularly over the phantom about 1-2cm above the rubber membrane. A typical B-scan produced is shown in Figure 3 . Despite the overall noisy image, the segmentation algorithm segments on average 14 of the 15 fiducials that appear on the B-scan images when scanning at 8cm, and 18 out of the 19 fiducials when calibrating at 15cm. Any undetected fiducial point is simply excluded while solving for the calibration parameters
Evaluation
We now need to examine the precision and accuracy of the calibration that is produced by using this phantom. We therefore scan the phantom 100 times. The probe is removed and reinserted into the water bath in between each scan. During each repetition, one frame is saved with the corresponding sensor information, phantom location and the calibration results for accuracy assessment.
We divided our 100 frames into 10 groups with 10 frames each. One calibration was computed from each group, forming the 10 repetitions that we used to evaluate calibration consistency. Single frame calibrations were computed by taking the first frame from each group. Similarly, n frame calibrations were computed by finding the parameters that best fit all the fiducials segmented from the first n frames of each group.
Each point in the B-scan can be located in the sensor's coordinate system by using the parameters found by calibration. The precision of calibrating with this phantom is assessed by examining the variation of specific points in the scan plane while located in the sensor's coordinate system. The variation will be dependent on the points chosen in the scan plane. We chose the four corners and the centre of the B-scan as a representative set of points. The mean 3D error of each representative point is found by computing the mean distance of each representative point from their mean location. The mean 2D error is also computed. This is the error in the scan plane alone, neglecting the error in the elevational direction.
Precision measures the reproducibility of the calibration. This does not directly measure the accuracy of the calibration. One technique for assessing the accuracy of the system is to scan an object, reconstruct its image in 3D space and compare distances or volume measurements from the reconstructed image with the known dimensions. Pagoulatos et al . 11 and Lindseth et al . 12 used their Z-phantoms to provide fiducials with known locations in 3D space. Although it is not ideal to use the same phantom for accuracy experiments as was used to obtain the calibration, we adopted this approach in order to produce results that can be directly compared with Pagoulatos et al . 11 and Lindseth et al . 12 We followed their approach and independently scanned our phantom and compared the 3D locations of the located fiducials computed by the previously recorded 10 calibrations and the locations computed from the phantom construction. Figure 3 shows the results of our automatic detection algorithm superimposed on a typical B-scan. The B-scans are processed at 25 frames per second while reliably segmenting the wires in each frame. Figure 5 shows the accuracy and precision of our calibrations as more frames are included in each calibration. The error for the precision graph is the mean 3D error of the five representative points' locations.
RESULTS
From Figure 5 it can be seen that our calibration is most precise when all 10 frames are used to compute the calibration parameters. Therefore, we use results from these 10 frame calibrations for error analysis. The variation of the five representative points in the B-scan as a result of calibration imprecision is shown in 
DISCUSSIONS
The addition of the rubber membrane allows segmentation to be performed in real-time at the full PAL frame rate of 25Hz. We have reliably segmented the fiducials even in very noisy images, as shown in Figure 3 .
From Table 1 it can be deduced that the 3D error is several times larger than the 2D error. This means that the main component of the error is in the elevational direction. The reason is because the fiducial's position in the elevational direction is estimated from the distance between the wires in the B-scan images, and a slight error of a few pixels during wire segmentation will translate into an error of several millimetres in the elevational direction. Nevertheless, this error can be minimized by including multiple frames in each calibration.
We compare our precision and accuracies based on 10 frame calibrations with the literature, where a similar number of frames and fiducials were used. 11, 12 We can deduce from Figure 5 that our accuracy saturates just below 1.5mm, which is better than the 2.8mm error reported by Pagoulatos et al. 11 Lindseth et al . 12 attached position sensors to their phantom and reported an accuracy of 1.2mm. The precision of our system has a mean 3D error of 0.8mm and 1.5mm when calibrating at 8cm and 15cm respectively. This error is slightly better than the errors reported by Pagoulatos et al ., 11 which ranged mostly between 1mm and 2mm depending on the location in the B-scan. Our precision at the centre of the B-scan is 0.5mm when calibrating at 8cm depth. This also compares favourably with the results of Lindseth et al ., 12 who reported an error of 0.6mm near the centre of the image. This means that our system can produce calibrations at least as good to those in the literature by including sufficient frames in each calibration. Since we are able to segment the fiducials automatically, a large number of frames can be acquired and processed in a few seconds.
CONCLUSION
Wire segmentation in ultrasound images has always been a difficult problem due to the amount of noise in the B-scans. With the simple addition of a rubber membrane, we have shown how it is possible to solve this difficult segmentation problem. The wires can be segmented fully automatically and we are able to produce calibrations in real-time.
